acid polypeptide that is highly conserved in all papillomaviruses ( Figure 1A) . In vivo experiments have demonstrated that primary sequence conservation also corresponds to functional conservation: E1 proteins from viruses as distantly related as BPV and the human geni- GST, and purified. This fragment is capable of binding
The sequence of SV40 T antigen is structurally aligned on the structure of the E1-DBD (sequence identity 6%). Squares: residues that are critical for DNA binding by mutational analysis. Green squares: residues proposed to be important for DNA contact. Blue squares: residues important for the structure of the binding surface. Red triangles: residues that have no apparent effect on DNA binding when mutated to alanine. (B) Pathway for the assembly of an initiation-competent complex at the origin of DNA replication. The E1 initiator binds cooperatively with E2 to the ori forming a specific (E1) 2 -(E2) 2 -DNA complex. As a consequence of the interaction between the E1 and E2 DBDs, the origin DNA is sharply bent, allowing an interaction between the E2 transactivation domain (E2AD) and the E1 helicase (E1H) domain. The resulting highly sequence-specific complex serves to recognize the ori. In an ATP-dependent process, E2 is displaced from the ori and additional E1 molecules are added resulting in a complex where four E1 molecules are bound specifically to the ori. Subsequently, additional E1 molecules are bound. This complex can distort the DNA duplex and give rise to partially single stranded regions. In the final step, E1 is assembled onto the exposed single strands to form a hexameric ring-like structure as the replicative DNA helicase.
DNA and binds cooperatively with E2-DBD. The crystal (Luo et al., 1996) ( Figure 2C ). The root-mean-square deviation (rmsd) between the two DBDs is 2.4 Å for structure, containing two molecules in the asymmetric unit, was solved by multiwavelength anomalous disper-64 aligned ␣ carbons (LSQMAN [Kleywegt and Jones, 1997] ), despite the sequence identity being only 6%. sion (MAD) ( Table 1 ) and refined to 1.9 Å resolution (R cryst ϭ 0.242; R free ϭ 0.272). A portion of the experimental The topology of the DBD of SV40 T antigen is similar to E1-DBD with a central five-stranded ␤ sheet and flanking map is shown in Figure 2A . The E1-DBD structure consists of a central five-stranded antiparallel ␤ sheet ␣ helices on either side of the sheet ( Figure 2C ). However, the first (␣1) and last (␣6) helices of E1-DBD are flanked by loosely packed ␣ helices on one side (␣1, ␣2, ␣5, and ␣6) and more tightly packed helices (␣3 and not observed in the NMR structure. In addition, ␣5 of E1-DBD and the equivalent helix (the fourth helix) in ␣4) on the other (Figure 2B ) (demonstrated using the program VOIDOO [Kleywegt and Jones, 1994] ). SV40 T antigen are oriented differently with respect to the ␤ sheet. Perhaps the most striking difference is the The structure of E1-DBD resembles that of the DNA binding domain of SV40 T antigen determined by NMR presence of an extended ␤ hairpin in E1-DBD (a "finger") that is formed by ␤2 and ␤3 and protrudes from the K279, as well as nonconserved K222 and K157, by alacentral ␤ sheet. Interestingly, the presence or absence nine, located on other surfaces, does not affect DNA of this feature divides the papillomavirus E1s into two binding (see Figure 1A) . The DNA binding loop and the groups, those with and those without the extended ␤ DNA binding helix correspond to the equivalent struchairpin (see Figure 1A) . . However, in p53 and STAT-1 the major DNA recognition and a hydrogen bond to the main chain carbonyl of F182 modules involve short loops, whereas in NF-B, the loop of the loop. In addition, it interacts with ␤4 by forming does not appear to be fixed by other elements of the hydrogen bonds to the side chain of Q264 and the main structure and may be more flexible. The main DNA bindchain carbonyl of L263. Thus, this arginine anchors three ing module in papillomavirus E1, rather than having an separate regions of primary structure of the protein, inherent secondary structure, relies on interactions with linking two residues of the DNA binding loop with reother regions of the protein for its precise and stable gions of well-defined secondary structures, ␣4 and ␤4.
configuration. The DNA binding loop wraps around the loop emerging from ␤4, and in particular around the two invariant conDimer Interaction secutive prolines, P265 and P266. As mentioned earlier, As mentioned earlier, full-length E1 initially binds to the ori as a dimer together with a dimer of E2, as does the P265 is part of a hydrophobic interaction within the loop. 
) (Chen and Stenlund, 1998). The mutant molecular replacement (MR) (data not shown).
The E1/E1 interface in this putative dimer is mostly V202R has reduced DNA binding activity and produces more monomer-DNA complex than wild-type E1 (lanes hydrophobic in nature and consists mainly of the N-terminal halves of symmetry-related ␣3 helices with resi-5-7). The mutant A206R forms the E1 monomer complex predominantly, indicating that this mutation is more dedues V202, F203, A206, and L210 at the interface ( Figure  4A ). Additionally, K213 at the end of ␣3 of each monomer fective in dimerization than both the wild-type and the 
V202R mutant (lanes 8-10). In the presence of E2-DBD, same face of the DNA as the E1 dimer with its E1 interaction surface (Chen and Stenlund, 2000) facing one of the wild-type E1-DBD forms a cooperative complex containing a dimer of E2 and a dimer of E1 [(E1) 2 -(E2) 2 -DNA] the E1 monomers. (lanes 12-14). In contrast, with A206R (lanes 18-20) and to a lesser extent V202R (lanes 15-17), significant
Other E1 
